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Abstract. Due to an increasing demand for the titanium drawn-parts, mainly from the 
aerospace and car industries, the demand for expertise in sheet-titanium forming grows. 
Although titanium combine many valuable features like lightweight with high strength and 
excellent corrosion resistance, its application is still limited because titanium processing, 
especially cold forming of titanium sheets poses many problems.  
In the paper technological problems with forming of titanium sheets is discussed. A special 
attention is paid to flexible forming. The experimental and numerical simulation results of 
semi-flexible forming are presented. The numerical analyses are carried out with the ADINA 
System v. 8.6 basing on the Finite Element Method (FEM). A spherical drawn-part made of 
Ti6Al4V titanium sheet is analysed. The material data, which are necessary for the numerical 
calculations, such as tensile strength Rm, yield point Re, R-value and hardening coefficient n 
were determined experimentally. The numerical calculations show good convergence with the 
experiments.  
 
 
1 INTRODUCTION 
Due to an increasing demand for the titanium drawn-parts, mainly from the aerospace and 
car industries as well as medicine, the demand for expertise in sheet-titanium forming 
permanently grows [1-9]. Although titanium combine many valuable features like lightweight 
with high strength and excellent corrosion resistance, its application is still limited because 
titanium production and its processing is complex and extremely costly. The high titanium 
price mainly results from the fact that it extensively reacts with oxygen at high temperatures 
and therefore the Kroll process is the only available method of commercial-scale production 
of titanium but it requires the use of another expensive metal – magnesium.  
Processing of titanium is as difficult as its production, especially cold forming of titanium 
sheets poses many problems. While sheets of commercially pure titanium, especially CP 1 
and CP 2, easily deform at ambient temperature with using techniques and stamping dies 
normally used for production of steel drawn-parts, both  and titanium alloys, at 
ambient temperature, can be plastically deformed only to a limited extent because of the small 
quantity of plasticity (ratio of yield point Re to tensile strength Rm is mostly more than 90%), 
[10-12]. According to low mechanical properties application of the drawn-parts of 
commercially pure titanium is limited to less reliable parts such as different casings 
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(electronic equipment casings, notebook and mobile phone casings, watch casings etc.) and 
roofing. When high strength is required, as in the case of different medicine or vehicle drawn-
parts, titanium alloys have to be used. Here, unfortunately, there is a problem.  
Even in the case of deep drawing steel sheets forming the spherical or cone drawn-parts 
using traditional methods (traditional methods here means any sheet-metal forming using 
rigid steel tools such as: die, blank-holder and punch) is very difficult due to incomplete 
contact between the tools and the deformed material. Tangential compressive stresses pose 
a serious problem resulting in wrinkling mostly occurring in the area where the sheet has no 
contact with the tool. In order to prevent this phenomenon the draw beads causing the 
increase in tensile stresses are used. Unfortunately, in the case of forming titanium alloy 
sheets, it usually leads to material rupture. Due to extremely low drawability at ambient 
temperature titanium alloy sheets have to be formed at elevated temperature - usually above 
500oC [13, 14]. This in turn involves necessity of application of vacuum or protective 
atmosphere because with the temperature increase titanium susceptibility to gas absorption 
grows. However, the growing demand for titanium drawn-parts from the industry encourages 
scientists to search for the new methods allowing for forming of almost unworkable titanium 
alloy sheets at ambient temperature [15-17]. Generally, impulse forming including e.g. 
electromagnetic or explosive forming [18], and flexible sheet forming technology, such as 
hydroforming [19] or forming technology using a flexible tool half  etc. [15, 16, 20-22] are 
used. Although uniform titanium alloy sheets are very difficult in forming some works 
[23-27] have reported on forming titanium welded blanks, in which the weld poses additional 
obstacle. 
In the paper forming a spherical titanium drawn-part using a semi-flexible tool is analysed. 
Although such a forming is one of the oldest sheet forming methods and seems to be quite 
simple it has not been widely used in mass production. It is because of low productivity and 
lack of knowledge in this issue. In order to understand the flexible pad forming process better 
the ADINA System [28], which is based on the finite element method (FEM), was used. An 
influence of such forming parameters as holding down force and frictional coefficient on the 
forming process are considered. 
2 GOAL AND SCOPE OF THE RESEARCH  
The former author’s examinations showed that titanium alloy sheets are hard deformable. 
Forming Ti6Al4V sheets using rigid tools at ambient temperature is impossible [10,15,16]. 
Therefore it was decided to investigate semi-flexible forming. Such a forming method causes 
additional compressive stresses in the sheet and therefore it is possible to produce deeper 
drawn-parts.  
A specially designed for this purpose device was used for forming. The numerical 
simulations of semi-flexible forming were carried out with the ADINA System v. 8.7.  
A spherical drawn-part was analysed as a preformed part for manufacture various shell 
parts. It was made of 0.8 mm thick titanium sheet. The drawn-part diameter was 48 mm. Such 
a diameter results from the fact that originally, the analysed method was applied for 
production of an output part of bowl milling cutter used in orthopaedics for making holes in 
the pelvis bones for the acetabulum hip endoprosthesis [29]. 
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3 NUMERICAL MODEL 
Although the process seems to be simple it requires experience and knowledge how to 
select the correct process parameters to avoid wrinkling or even fracture of the deformed 
material as a result of improper compression of the flexible (rubber) pad. Therefore, the 
numerical simulations with the ADINA System were carried out for better understanding of 
the semi-flexible forming process. The System is based on the finite element method (FEM).  
An axisymmetric numerical model of the forming process with large displacement and 
strain formulations was applied. A nonlinear static analysis was carried out. The solution to 
the static equilibrium equations was obtained using the modified Newton iterations, with line 
searches. The results were achieved in 250 calculation steps with an automatic step 
incrementation.  
A homogeneous elastic-plastic properties with isotropic type of strain hardening were 
assumed for the deformed material, i.e. titanium sheet. This material model is based on the 
von Mises yield condition associated with flow rule using the von Mises yield function. The 
following material data: Young’s moduls E=113.8 GPa, yield point R0,2 =980 MPa, tensile 
strength Rm=1048 MPa, Poisnon’s ratio 0.342, strain-hardening coefficient n=0.05, material 
constant C=1338 MPa and modulus of strain hardening m=220 MPa were implemented in the 
numerical calculations. The sheet model consisted of 848 axisymmetric 9-nodes solid 
elements.  
The Sussman-Bathe material model [30,31] was adopted for an elastic material (rubber), 
which fills the working chamber. This model is based on the following equation: 
WD = w(e1) + w(e2) + w(e3) (1) 
where: WD - strain energy density,  
w(e) - function of the principal logarithmic strain (Hencky strain), 
e1, e2, e3 - the principal logarithmic strains. 
This strain energy density expression assumes a totally incompressible material. The 
elastic material model consists of  20,400 axisymmetric 4-nodes solid elements. 
Forming tools, such as: the punch, blank-holder etc., were modelled as perfectly rigid. 
A numerical model of the semi-flexible forming process is shown in Figure 1. 
 
Figure 1: A numerical model of the analysed process 
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During the numerical simulations it is assumed that: the punch can move along Z axis, 
a displacement Δl=27mm is applied to the punch and simultaneously a maximal value of the 
punch force is limited to FSmax ≤ 2.5 MN. The blank-holder also moves along Z axis. 
A displacement of the blank-holder depends on the rubber deformation. Apart from the 
contact with the tool and rubber any boundary conditions have not been assigned to the sheet.  
Sheet deformation only depends on the tool position and deformation of the elastic 
material which fills the working chamber. In the simulations as in the experiment both 
immobile working chamber and supporting plate were applied.  
The process parameters such as the holding-down force and frictional conditions are 
explored. In the numerical model the surface contact according to the Coulomb hypothesis 
was assumed. 
4 NUMERICAL CALCULATION RESULTS – DISCUSSION 
In the numerical calculations different variants of the holding-down force were considered. 
At the beginning the constant values of the holding-down force were implemented. Then it 
was assumed that the forces applied to the blank-holder increase linearly. 
An analysis of the numerical simulation results, as was also discussed in [16], showed that 
there is a peculiar area in the drawn-parts representing by P points (Fig. 2), in which the 
deformed sheet experiences repetitive bending. 
 
Figure 2: Scheme of sheet deformation and plastic strains in the drawn-part area representing by P points 
During the forming process, when the punch starts to move down the sheet can be bent 
over the fillet radius of the blank-holder as a result of the rubber deformation. The  rubber 
presses the sheet to the punch but sometimes, when the punch and holding-down forces are 
improperly chosen, as the punch moves down the sheet undergoes bending in opposite side. In 
the area representing by P points, where the sheet is repetitively bent, the highest plastic 
strains occur. It explains why during the first experimental tests, cracking of the drawn-parts 
was initiated in this area most frequently. 
An example of the strain distribution for the carried out calculations is presented in 
Figure 3. 
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Figure 3: Strain distribution in the drawn-part: a) a constant holding-down force, b) a linearly increasing 
holding-down force 
A comparison between the plastic strain values for forming with a constant holding-down 
force FH-D=50kN (Fig. 3a) and the holding-down force which increases linearly from 
FH-D=0kN to FH-D=50kN (Fig. 3b) shows that local strains are stronger in the case of the 
constant holding-down force. The maximum plastic strain for the constant holding-down 
force is max=0.6679 while for the linearly increasing holding-down force is max=0.6013.  
The analysis of the numerical calculation results showed that the holding-down force is 
only one of the essential factors affecting the forming course and plastic strain distribution in 
the drawn-parts. Frictional conditions existing between the deformed material and tool 
surfaces, which are specified by a frictional coefficient, are the second important factor. 
Therefore, two different cases have been analysed. In the first case (Fig. 4a) frictional 
coefficient =0.4 was assumed for all contact surfaces, what simulates dry conditions. In the 
second case (Fig. 4b) the frictional coefficient =0.4 was assumed only for the frictional pair: 
“punch - deformed material (titanium)”, and =0.12 (as in the case of lubricated surfaces) for 
the frictional pairs: “deformed material (titanium) - blank-holder” and “deformed material 
(titanium) - elastic material (rubber)”. The strain distribution for these two cases is shown in 
Figure 4. As it is seen from Figure 4 lubrication essentially improved frictional conditions and 
made the material flow more easier so the plastic strain distribution was more uniform. 
Thinning of the drawn-part walls decreased. The sheet thickness at the pole of the drawn-part 
was of 0.52 mm for forming in dry conditions and 0.59 mm for forming with lubrication. At 
the same time thickness at the drawn-part edge was of 0.95 mm for forming in dry conditions 
and 0.97 mm for lubrication. 
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Figure 4: Plastic strain distribution: a) dry condition for all frictional pairs, b) dry condition for the frictional pair 
“punch - deformed material” and lubrication for the frictional pairs “deformed material - blank-holder” and 
“deformed material - elastic pad” 
4 EXPERIMENTAL RESULTS 
In order to verify the calculation results a thickness of the real drawn-part wall was 
measured and compared to the calculation results. The numerical calculation simulates the 
real forming process, which was carried out on a device according to the scheme shown in 
Figure 5. 
 
Figure 5: Scheme of the device used for forming of the titanium alloy drawn-parts: 1– punch, 2 – blank, 3 – 
blank-holder (ring), 4 – elastic material (e.g. rubber), 5 – support plate, 6 – working tube chamber [32,33] 
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A comparison of the drawn-part wall thickness between the test and calculation results is 
shown in Figure 6. 
 
Figure 5: A comparison of the drawn-part wall thickness between the test and calculation results 
As it is seen from Figure 6 in the real drawn-part there is a little bit smaller thinning of the 
sheet at the pole of the drawn-part and thickening at the cup edge. 
5 CONCLUSIONS 
- The carried out experiments confirm that semi-flexible forming allow for stamping 
almost unworkable titanium sheets at ambient temperature. An elastic contact 
between the elastic material e.g. rubber and rigid punch improves forming conditions. 
Inducing the additional compressive stresses in the deformed material allows for 
achieving higher rates of deformation. 
- Quality of the drawn-parts is high – there is no any marks of the tool on the outer 
surface of the produced parts. 
- Effectiveness of the numerical simulations in exploration of the elastic forming 
method was proved. However, the numerical simulations are very complicated 
because they need to combine deformation of the sheet-metal and rubber (large 
deformation of the rubber causes significant mesh distortion) they explains why the 
real drawn-parts crack.  
- In future, the numerical simulations will be concentrated on the design of such 
processes and searching the process parameters allowing for decrease in thinning of 
the drawn-part wall and more uniform plastic strain distribution.  
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